The Atirro-Río Sucio fault system forms a major northwest-trending strike-slip fault zone in east-central Costa Rica. We examined the kinematics and temporal evolution of this fault system through geomorphic, structural, and seismologic analysis. This 150-km-long strike-slip fault zone traverses the northern fl ank of the paleovolcanic Cordillera de Talamanca and extends northwestward into the active Cordillera Volcánica Central. Historical seismicity includes frequent minor swarms and occasional moderate-magnitude (M 5.0-6.5) damaging earthquakes. Field geomorphic evidence, fault kinematic data, and earthquake focal mechanisms are consistent in showing dextral slip along the mapped traces of northwest-striking faults. Continuity with other transcurrent faults in northwest Costa Rica indicates that the Atirro-Río Sucio fault system may form the southeastern end of a regional network of northwest-trending dextral faults that accommodate margin-parallel displacement of the Central American forearc sliver. The Atirro-Río Sucio fault system originates within the Central Costa Rica Deformed Belt inboard of the indenting Cocos Ridge. We infer that ridge collision drives lateral escape of crustal fragments northwestward along an array of dextral Central Costa Rica Deformed Belt faults including the major structures of the Atirro-Río Sucio fault system. This zone of arc-parallel extrusion thus represents the root of the Central American forearc sliver. Consistent with recent geodynamic models, we propose that northwestward sliver escape along the Atirro-Río Sucio faults is driven by rigid indentation of the aseismic Cocos Ridge into southern Costa Rica.
INTRODUCTION
Oblique convergence between subducting and overriding plates often leads to strain partitioning between the subduction zone megathrust and upper-plate strike-slip faults (e.g., Fitch, 1972; Beck, 1983) . Along many convergent margins, strain partitioning is associated with semi-independent motion of forearc slivers bounded by arc-parallel strike-slip faults (e.g., Jarrard, 1986; McCaffrey, 1992) . Despite the recognition of sliver-bounding faults in convergent margins around the world (e.g., Gutscher et al., 1999; Tsutsumi et al., 1991) , and their role in producing damaging earthquakes (e.g., Brown et al., 1973; Velasco et al., 1996) , fundamental questions remain about the dynamics and mechanics driving forearc motions and slip on upper-plate faults. For example, is the motion of the forearc driven by partitioning of plate-boundary strain, which may be controlled by the obliquity of convergence (e.g., Baroux et al., 1998) and/or enhanced interplate coupling (Gutscher, 2001) , or does this motion, in some instances, result from block extrusion related to the subduction of large and/or particularly buoyant seafl oor features such as ridges (e.g., LaFemina et al., 2009) ? Similarly, how much is the focusing of upper-plate shear guided by thermal weakening along magmatic arcs (e.g., Beck, 1983) , as opposed to the reactivation of preexisting optimally oriented faults (e.g., Tsutsumi and Okada, 1996) ? Substantial seismologic and geodetic data have been generated worldwide to address these issues (e.g., Hirono, 2003; LaFemina et al., 2009; Kargaranbafghi et al., 2011) . However, a clear understanding of the dynamics of upper-plate faulting remains clouded by a paucity of neotectonic studies that constrain the kinematics and slip histories of sliver-bounding faults. In this paper, we present the results of a neotectonic investigation focused along the root zone of the Middle America forearc sliver in Costa Rica. The Middle America convergent margin is one of the best natural laboratories for studying the partitioning of plate-boundary shear and the mechanisms that drive coast-wise translation of forearc slivers.
Seismologic and geodetic investigations in Central America have led to the recognition of an arc-parallel forearc sliver along the Middle America plate margin (e.g., White, 1991; McCaffrey, 1996; Lundgren et al., 1999; Turner et al., 2007; LaFemina et al., 2009; Correa-Mora et al., 2009) . A belt of shallow earthquakes (<15 km) occurs along much of the active volcanic cordillera, extending from Guatemala to Costa Rica (e.g., Montero and Dewey, 1982; White and Harlow, 1993; LaFemina et al., 2002; Dewey et al., 2004; Corti et al., 2005; Lewis et al., 2008) . Focal mechanisms are predominantly strike slip, with dextral motion along northweststriking nodal planes, and sinistral motion along northeast-striking nodal planes. First Molnar and Sykes (1969) and then Harlow and White (1985) suggested that these earthquakes are triggered by stresses related to the oblique convergence of the Cocos plate below the Caribbean plate. McCaffrey (1996) showed that slip directions obtained from focal mechanisms for megathrust events are defl ected 10° clockwise from the plate-motion direction indicated by the Cocos-Caribbean rotation pole. This discrepancy suggests northwest motion of a forearc sliver along the Middle America margin. In light of these results, DeMets (2001) reevaluated the vectors for Cocos-Caribbean plate motion, correcting for strain partitioning and lateral forearc displacement. Recent geodetic studies support these new interpretations (McCaffrey, structure identifi ed in Costa Rica as a sliverbounding fault.
We present new geologic observations that describe the structure and kinematics of the Atirro-Río Sucio fault system and a 10 km by 35 km pull-apart basin (Irazú-Turrialba basin) bounded by Atirro-Río Sucio faults. These data are supplemented by geomorphic analysis of aerial photographs and airborne synthetic aperture radar (SAR) images and by fault kinematic evidence derived from mesoscale fault populations and earthquake focal mechanisms (e.g., Montero et al., 1993; Montero and Alvarado, 1995) . We integrate these data sets to characterize the neotectonics and structural evolution of three primary fault segments along the Atirro-Río Sucio system. Finally, we consider the tectonic signifi cance of the Atirro-Río Sucio fault system and its role in accommodating Cocos Ridge indentation and forearc sliver motion.
TECTONIC SETTING AND SEISMIC HAZARDS
The Costa Rican isthmus (Fig. 1) accommodates rapid northwest-directed convergence (9 cm/yr) between the subducting Cocos plate and the overriding Caribbean plate and Panama microplate at the Middle America Trench. The style and mechanics of upper-plate deformation vary signifi cantly along strike in response to differences in subducting plate age, dip, morphology, and obliquity of convergence (Gardner et al., 1987 (Gardner et al., , 1992 Kolarsky et al., 1995; Fisher et al., 1998 Fisher et al., , 2004 Marshall et al., 2000 Marshall et al., , 2003 LaFemina et al., 2009) . Central Costa Rica marks a sharp transition in subduction zone structure and upper-plate kinematics along the Middle America Trench. Beneath northern Costa Rica, Benioff zone seismicity extends at a steep angle to 200 km depth, whereas to the south, the slab dip decreases abruptly (Protti et al., 1995a) , and the plate margin is strongly impacted by collision with the aseismic Cocos Ridge (Fig. 1 ). This change in margin tectonics coincides with an offshore transition between two principal domains of subducting Cocos seafl oor: (1) seafl oor offshore northern Costa Rica, formed >24 Ma at the East Pacifi c Rise, and (2) seafl oor offshore central and southern Costa Rica, formed 23-15 Ma at the Cocos-Nazca spreading center (von Huene et al., 1995; Barckhausen et al., 2001) . While domain 1 and part of domain 2 consist of typical mid-oceanic-ridge-basalt (MORB) seafl oor, part of domain 2 encompasses hotspot-thickened lithosphere containing the Cocos Ridge and adjacent seamounts (Werner et al., 1999) .
Onshore of this transition, the Central Costa Rica Deformed Belt (Fig. 1B) marks a deformation front that is propagating into the upper plate ahead of the colliding Cocos Ridge (Marshall et al., 2000; Montero, 2001) . This zone traverses the isthmus, separating the rigid Caribbean plate from the actively deforming crust of the Panama microplate. Deformation within the Central Costa Rica Deformed Belt generates shallow seismicity (<15 km) on a broad array of conjugate northwest-striking dextral faults and northeast-striking sinistral faults. Slip on these faults varies from transtensional in the coastal forearc to transpressional within the interior backarc . The kinematics of Cocos-Caribbean convergence differ markedly across the Central Costa Rica Deformed Belt between the Nicoya Peninsula in northern Costa Rica and the Panama microplate to the south ( Fig. 1B ; Suárez et al., 1995; Lundgren et al., 1999; Norabuena et al., 2004; Fisher et al., 2004; Morell et al., 2008; Sitchler et al., 2007) . Northwest of the Central Costa Rica Deformed Belt, Cocos-Caribbean convergence is oblique to the trench, while in central and southern Costa Rica, convergence is trench-normal, and deformation is strongly contractional across the intervening Panama microplate (Fisher et al., 2004; Morell et al., 2008; Sitchler et al., 2007) . Recent modeling of global positioning system (GPS) site velocities shows a radial pattern of vectors pointing away from the principal zone of Cocos Ridge impact in southern Costa Rica (LaFemina et al., 2009) . These include strong arc-parallel motions along the coast, interpreted to refl ect tectonic escape of the Central American forearc sliver (LaFemina et al., 2009) . Directly inboard of the Cocos Ridge, the collision generates pronounced forearc uplift and shortening across the Osa Peninsula and southwest-verging Fila Costeña fold-and-thrust belt ( Fig. 1B ; Gardner et al., 1992; Fisher et al., 2004) , as well as rapid uplift and unroofi ng of the paleovolcanic Cordillera de Talamanca ( Fig. 1A ; Grafe et al., 2002; MacMillan et al., 2004; Morell et al., 2012) . On the Caribbean margin of eastern Costa Rica, the Panama microplate overthrusts the Caribbean plate along the North Panama Deformed Belt, a northeast-verging fold-and-thrust belt that extends on land into eastern Costa Rica (Silver et al., 1990 (Silver et al., , 1995 , site of the 1991 Limón earthquake (Mw 7.7) ( Fig. 1B ; Goes et al., 1993; Suárez et al., 1995) . Here, the North Panama Deformed Belt merges with transcurrent faults of the Central Costa Rica Deformed Belt, forming a continuous deformation zone across central Costa Rica Montero, 2001 ) that merges with the Central American forearc sliver along the Pacifi c margin.
The Atirro-Río Sucio fault system (ARS, Fig.  1B ) encompasses major dextral-slip faults that root within the eastern portion of the Central Costa Rica Deformed Belt. These faults traverse the Caribbean fl anks of the paleovolcanic Cordillera de Talamanca and extend northwestward into the active Cordillera Volcánica Central along the northern margin of the Valle Central basin (Fig. 1A) . The Valle Central is home to Costa Rica's capital city San José and to over half of the country's population (>2 million people). While major (M >7.0) thrust earthquakes are common along both the Middle America Trench and the North Panama Deformed Belt, the most damaging historical events within the Valle Central have been moderate (M 5.0-6.5), shallow (<25 km), upper-plate earthquakes on faults of the Central Costa Rica Deformed Belt, including those within the Atirro-Río Sucio system. Shallow Atirro-Río Sucio faults run directly beneath several large towns, cross a major highway and petroleum pipeline, and pass near the Valle Central's principal watersupply dam and reservoir. These seismically active faults thus represent a major hazard for residents of central Costa Rica. In 2009, the M W 6.1 Cinchona earthquake (Fig. 2) ruptured the northwest-striking dextral-slip Ángel fault northwest of San José, causing widespread damage and multiple casualties (Montero et al., 2010; Fig. 2) . This event highlights the importance of investigating active faults in this region.
ATIRRO-RÍO SUCIO FAULT SYSTEM: GEOMORPHOLOGY AND STRUCTURE
The 150 km Atirro-Río Sucio fault system consists of a complex array of regional-scale faults in which active dextral slip is indicated by lateral offset of drainage networks, leftstepping transpressional zones with pressure ridges, and right-stepping transtensional zones with pull-apart basins (Fig. 2) . Active faulting along this zone has been described in a number of prior studies (Montero, 1994 (Montero, , 2001 Montero and Alvarado, 1995) and reviewed in Montero (2003) . In this paper, we build on prior work by describing new observations and key geomorphic, structural, and seismologic characteristics, moving from southeast to northwest along the Atirro-Río Sucio system's three principal segments: the Atirro-Tucurrique segment, the central Irazú-Turrialba pull-apart basin, and the Río Sucio segment (Fig. 2A) . strike-slip faults (Atirro and Tucurrique) and subsidiary structures. Active faulting results in prominent linear valleys, localized pressure ridges and pull-apart basins, and multiple right-stepping deviations of stream networks.
Atirro, Omega, and Oriente Faults
The Atirro fault follows a series of prominent northwest-trending valleys from the Matama Ridge (Figs. 2 and 4) to the southern margin of the Reventazón River valley (Fig.  2) . Near the Matama Ridge, three distinct fault traces bound the Matama transpression zone (Figs. 3 and 4) . Where these faults cross the Chirripó River, the river steepens and bends to the right (in a downstream sense) ~1.0 km between the southern and northern traces (Fig. 4) . Northwest of the Matama transpression zone, the Atirro fault follows a single linear trace for 9 km (Figs. 4 and 5) . The Pacuare and Chiguarí Rivers suggest right bends Montero, 2003) .
Further to the northwest, the Atirro fault splays into three branches (Fig. 3) that bound a pair of en echelon pressure ridges. The Mirador pressure ridge (Figs. 3 and 6 ), south of a left bend in the central (Rancho River) fault branch, exhibits a distinct asymmetry, with a steep southwestern fl ank that is consistent with oblique slip and hanging-wall uplift along the southern (Mirador River) branch. The Rincón de la Esperanza pressure ridge (Figs. 3 and 6) lies south of a left bend in the northern (Nubes River) fault branch and exhibits a similar asymmetry consistent with hanging-wall uplift along the central branch. The Omega fault branches from the northwestern side of the Rincón de la Esperanza pressure ridge. This fault is described in the supplementary material. of the Atirro fault continues for another 5 km ( Fig. 3) , following the Atirro River valley until it steps to the left with the Oriente fault in the northern fl ank of the Omega pressure ridge (Fig. 3) . The Atirro River linear fault trace is characterized by displaced intermittent creeks, shutter ridges, and fault benches. Valley slopes are steep with prominent triangular facets. Headwater streams draining the steep slopes of fault-controlled valleys display dextral offsets that are representative of the strike-slip faults described here (e.g., the Oriente fault; Fig, 7 ; Figs. 8C, and 8D).
The Oriente fault splays westward from the Atirro fault and runs between the tilted tableland referred to as the Alto Florencia and the Omega Ridge (Figs. 3 and 7) . The north canyon wall of the Reventazón River shows a dextral offset between 0.15 and 0.27 km, and the south canyon wall shows a dextral deviation of 0.35 km (Fig. 7 ; Table DR1 in supplementary fi le [see footnote 1]). The Reventazón River shows a similar bend across the fault, and the fault trace marks the transition from a narrow bedrock canyon upstream to a sediment-dominated and wider canyon downstream. To the south, the small Pejibayito River, characterized by a bedrockfl oored channel and narrow canyon, suggests a right deviation (Fig. 7) . In the Juray valley, the fault is obscured by recent alluvium.
Tucurrique Fault
The dextral strike-slip Tucurrique fault ( Atirro fault that splays westward from the Mirador pressure ridge and extends along the southern margin of the Irazú-Turrialba pull-apart basin ( Fig. 2) . At its northwest end, the Tucurrique fault intersects the slopes of Irazú volcano, and may terminate into the Irazú normal fault. Active slip along the Tucurrique fault is indicated by abrupt scarps, offset stream channels, and historical seismicity.
Branching off of the Atirro fault (Fig. 3) , the Tucurrique fault splits into two traces that bound the small (2 km × 8 km) Pejibaye pullapart basin (Fig. 3) , a geomorphic anomaly in a mountainous area where river canyons are generally steep and narrow with elongate terraces. Within the basin, the Pejibaye and Gato Rivers have gentle gradients and broad, wellpreserved fl uvial terraces. Several terrace levels are observed upstream (south) of the northern branch of the Tucurrique fault (Figs. 7A and 7B). Northwest of the Pejibaye pull-apart basin, the two branches of the Tucurrique fault run parallel for several kilometers (Fig. 7A ). Tectonic landforms include dextral stream offsets, beheaded channels, adapted creeks, sag ponds, ponded alluvium, fault trenches, and displaced landforms (Fig. 8E ). The Vueltas River bends 0.85 km to the right as it crosses a narrow alluvial valley between the fault traces (site 4, Fig.  7 ). Thick alluvial deposits with meter-size boulders appear where a tributary enters the Vueltas River on the fault valley's northwest side (site 5, Fig. 7 ). This tributary lacks the hydraulic capacity to deposit the thick alluvium on the valley fl oor. We infer that these sediments were deposited by the Vueltas River and have subsequently been displaced to the northwest along the Tucurrique fault.
To the northwest, the two branches of the Tucurrique fault rejoin. Where the fault crosses the Reventazón River, the canyon is anomalously wide with an apparent right-stepping shift in topography (Fig. 7) . The Reventazón River changes from a single channel to a braided system as it crosses the fault trace (site 6, Fig. 7 ), suggesting gradient changes associated with right-lateral displacements at a high angle to the stream. The base of the scarp of the lower volcanic terrace exhibits an apparent dextral offset between 0.35 and 0.55 km (black and red balloons, Fig. 7 ; Table DR1 in 
Other Faults Related to the AtirroTucurrique Segment
The Atirro-Tucurrique segment is part of a broader zone of dextral northwest-striking faults near the Central Costa Rica Deformed Belt-North Panama Deformed Belt intersection Montero, 2001 ). The Tuis, Kabébeta, Pacuare, and Ayil faults (Figs. 2, 4, and 9) are potentially active dextral-slip structures northeast of the Atirro-Tucurrique segment and parallel to the Atirro-Río Sucio fault system Montero, 2001; Linkimer, 2003) . The Tuis fault, in particular, shows evidence of neotectonic activity, including uplifted terraces, and west-faceted and dissected scarps on the northern side of the Tuis River (see examples in Linkimer, 2003) . The Kabébeta fault suggests a right bend where it crosses the Chirripó River (Fig. 4) .
Central Atirro-Río Sucio Fault System: Irazú-Turrialba Pull-Apart Basin
The 35 km by 10 km Irazú-Turrialba pullapart basin accommodates a dilational step between the main traces of the Atirro and Río Sucio faults (Montero, 2003) (Fig. 2) . The southeastern part of the basin is bounded by a complex system of splay faults at the northwestern termination of the Atirro fault. The northern corner of the basin is formed by a system of splay faults that originate from the southern end of the Río Sucio fault. The Irazú-Turrialba volcanic fi eld in the central part of the basin obscures the underlying basement fault.
Southeastern Basin Splay Faults
Azul fault. The Azul fault splays off of the northwestern tip of the Atirro fault, forming the arcuate southeastern margin of the pull-apart basin (Fig. 2) . The Azul fault changes strike from north-northeast to northwest. The northnortheast-trending fault trace shows prominent west-facing scarps (Figs. 3 and 9) with variable geomorphic expression ranging from continuous to somewhat dissected to discontinuous. The Atirro ridge, on the upthrown east side of this north-northeast fault segment, forms a striking topographic high (Figs. 3 and 9) . Triangular facets and uplifted fl uvial terraces attest to recently active slip.
The northwestern section of the Azul fault is located at the foot of the southwestern fl ank of the Verbena Ridge (Fig. 3) and is geomorphically defi ned by a scarp that decreases in height from northwest to southeast (Fig. 9) . On the southeastern section of the Verbena ridge, uplifted sedimentary rocks of the EoceneOligocene carbonate platform of the Fila de Cal and Punta Pelada formations appear as basement windows among eroded Quaternary volcanic rocks of the Turrialba paleovolcanic suite ( Fig. 3 ; Dóndoli and Torres, 1954; Denyer and Alvarado, 2007) . Broad valleys on the western downthrown block are covered by late Quaternary lahar and alluvial-fan deposits.
Along its north-northeast-trending section, the Azul fault is interpreted as a predominantly normal-slip fault accommodating extension in the pull-apart and dextral motion along the northeastern margin of the pull-apart basin. The northeast tilt of the Alto Florencia surface (Fig. 9 ) may be explained, in part, by dip-slip motion along the previously active Chiz fault (see following) and by the Azul fault. Based on projection of the northeast-tilted Alto Florencia surface below the alluvial cover on its northeast fl ank, Montero (2003) estimated ~1000 m of total dip-slip displacement on the Azul fault. Further analysis of the geometry of the basement cover contact across the Alto Florencia and the eastern margin of the Irazú-Turrialba pull-apart structure indicates ~600 m of vertical throw (Fig. 3C) . These values are supported by the existence of >100 m of fi ll in the eastern part of the basin at the confl uence of the Tuis and Reventazón Rivers (Vargas and Cervantes, 2000) . In addition, down-to-the-northeast horizontal-axis rotation is apparent in exposures along the margins of the basin, which include a tilted buttress unconformity (location 1 in Fig. 9 ; Figs. 8A and 8B). The estimates of throw are considered crude because they rely on simple assumptions regarding the initial geometry of the basementcover contact, and they do not account for the interaction of the cross-basin Turrialba fault (see following). Along the northwestern Azul fault trace, no clear indicators of dextral slip are found; however, here the fault becomes increasingly masked by recent volcanic deposits. A right-offset defl ection separates Quaternary volcanic deposits of the Verbena Ridge and similar deposits inside of the pull-apart basin (Fig. 3) .
The Turrialba Fault
The Turrialba fault cuts across the southern part of the pull-apart basin before it loses expression in the slopes of Turrialba volcano (Figs. 2 and 9) . The change to a more northerly trend and the geomorphic expression suggest a tensional relay is present where the Turrialba fault crosses the Reventazón River (Fig. 7) . The active channel of the Reventazón River displays a prominent right defl ection followed by a prominent left defl ection ~1.5 km downstream (Fig. 9) . The right bend occurs where a bedrock spur shows an apparent offset to the right between ~0.95 and ~1.20 km (Table DR1 in supplementary fi le [see footnote 1]) relative to the southern margin of the thick Quaternary volcanic sequences that make up the Alto Florencia (orange and green diamonds, Fig. 7; Fig.  9 ). On the southern margin of the Reventazón River, the Pliocene volcanic unit is also apparently right-laterally offset ~1.35 km (Table DR1 in supplementary fi le [see footnote 1]; blue diamonds, Fig. 7 ). In the Juray valley immediately to the southeast (Fig. 9) , minor faults and folds are observed in alluvial deposits along the projected fault trace Montero, 2003 ). An uncalibrated radiocarbon age of 1425 yr B.P. for these faulted deposits was reported in Linkimer (2003) . The Chiz and Campano faults at the southwestern margin of the Irazú-Turrialba pull-apart basin are described in the supplementary fi le (see footnote 1).
The Navarro Fault
The northeast-striking Navarro fault has been described as a left-lateral structure within the broad zone of conjugate faulting referred as the Central Costa Rica Deformed Belt Montero, 2001) . Geomorphic evidence suggests that the Azul fault scarp records meter-scale offset by the Navarro fault (Figs. 3  and 9) (Montero, 2003) . Intersections between the Navarro and the Turrialba and Tucurrique faults show locally anomalous geomorphic features, but unambiguous crosscutting relationships are lacking.
Faults of the Irazú-Turrialba Volcanic Field
In contrast to the predominant northwest and dextral-slip trends of the Atirro-Río Sucio system, faults in the Irazú-Turrialba volcanic fi eld show principally normal displacement and strike northeast to north (Figs 2; supplementary 
Splays of the Río Sucio Fault and the Blanquito Fault
The northern corner of the Irazú-Turrialba pull-apart basin is bounded by a system of fault branches that splay off of the southern tip of the Río Sucio fault (Montero, 2003; Figs. 10A and 10B) . These northwest-trending faults intersect the northern side of Irazú volcano, where they lose expression beneath the volcanic massif (Montero and Alvarado, 1995) . The splays are inferred to continue beneath the volcanic fi eld, to link with the complex fault array bounding the southeastern margin of the Irazú-Turrialba pull-apart basin (Montero, 2003) . The connections between the Río Sucio and Atirro fault systems are overprinted by Irazú-Turrialba volcanism. Splays of the Rio Sucio fault and the Blanquito fault are described in the supplementary fi le (see footnote 1).
Northwestern Atirro-Río Sucio Fault System: Río Sucio Segment
The regional pattern of dextral slip is maintained through the Río Sucio fault, which begins at the northern end of the Irazú-Turrialba pull-apart basin and extends northwestward for >30 km, traversing the Caribbean slope of the Cordillera Volcánica Central (Figs. 2 and 10 ). This oblique slip fault crosses the Caribbean slope of Irazú volcano and the northeastern fl ank of Cacho Negro volcano. Slip along this fault results in linear valleys, prominent scarps, defl ected tributaries, and offset landforms. At location 1 (Fig. 10B) , a north-northwest-striking subvertical, outcrop-scale fault branch cuts Quaternary volcanic rocks and displays synthetic Riedel shears with horizontal striations and dextral motion, and antithetic Riedel shears with horizontal striations and sinistral motion. The antithetic Riedel (C′) shears are observed truncating against the main fault (Fig. 10C) . The Guápiles thrust fault located at the northern slopes of the Irazú volcano (Borgia et al., 1990) steps to the right where it crosses the Río Sucio fault (Figs. 2 and 10B ). The Guápiles thrust has been interpreted to record modern gravitational collapse of the volcanic pile (Borgia et al., 1990) so the observed offset suggests that the Río Sucio fault is active. Moreover, the northwestern end of the Río Sucio fault shows neotectonic landforms suggestive of both dextral and reverse slip (Fig. 10D ). These include south-sideup scarps on the south side of the fault, a right defl ection of the Sardinal River, a large terrace on the east side of the river, and a beheaded stream that may be a former course of the trunk stream (Fig. 10D) . West of the Sardinal River, a thick blanket of Quaternary lahar and pyroclastic deposits covers a large area. Here, the trace of the Río Sucio fault is uncertain, although a suggested trace is shown in Denyer et al. (2003) .
Northwestern Extension of the Atirro-Río Sucio Fault System
A series of major faults has been mapped northwest of the Atirro-Río Sucio fault system along the northern margin of the Central Costa Rica Deformed Belt (Alvarado, 1989; Montero, 2001) . These faults lie along the same general arc-parallel trend and may represent an extension of the Atirro-Río Sucio fault system into northern Costa Rica. These include the San Miguel and Florencia-La Palmera thrust fault systems along the northern fl ank of the Cordillera Volcánica Central (Figs. 1B and 2) , the Chiripa dextral fault system, and the Cote-Arenal dextral-normal fault along the volcanic arc of northwestern Costa Rica (Fig. 1B) .
San Miguel, Florencia-La Palmera, Chiripa, and Cote-Arenal Faults
The east-west strike of the San Miguel thrust fault (Fig. 2) is marked by a prominent northfacing rectilinear scarp along the Caribbean fl ank of Poás volcano (Alvarado et al., 1988; Montero, 2001; Montero et al., 2010) . This scarp reaches a maximum height of 160 m in its central portion and is relatively undissected, with broad facets (Figs. 10E and 10F) . Rivers draining the north slope of Poás volcano have incised deep canyons. This scarp has been interpreted as a fault propagation fold forming as a result of lateral spreading of the volcanic massif (Borgia et al., 1990) . However, the orientation and slip are also consistent with the regional stress distribution associated with Cocos Ridge subduction (Montero, 1994; Montero et al., 2010) . Based on their geometry, we suggest that the San Miguel and Río Sucio faults (Fig.  2) merge in a left-stepping transpressional zone north of Cacho Negro volcano.
West of the San Miguel fault, series of scarps mark the south-dipping Florencia-La Palmera thrust system (Fig. 1B) . Two principal scarps occur along this zone (Montero, 2001) , an upper 100-m-high scarp along the volcanic slope, and a lower 40-60-m-high scarp marking the active thrust front at the edge of the Caribbean alluvial plain. The Florencia-La Palmera fault system can be traced northwestward to the Cote-Arenal fault of northern Costa Rica (Fig. 1B) .
The north-to-northwest-striking Chiripa fault is marked by linear valleys and east-and west-facing scarps that displace recent landforms (Montero, 2001) . In 1973, a M s 6.5 earthquake and its aftershocks occurred along this fault (Güendel, 1986; Alvarado, 1989) . The main-shock focal mechanism (Güendel, 1986) shows predominantly dextral motion along a northwest-trending nodal plane. The northweststriking Cote-Arenal fault (Fig. 1B) locally shows a prominent west-facing scarp. Alvarado (1989) estimated a vertical slip rate of 1.8 mm/yr based on displaced tephras. Dextral slip is inferred principally from displaced streams.
SEISMICITY AND FAULT KINEMATICS Seismicity
The fi rst damaging earthquake recorded by modern seismic instruments that is clearly related to the Atirro-Río Sucio fault system is the 1952 M s 5.7 Patillos earthquake (Fig. 11) . This event most likely occurred on the Western Río Sucio fault, based on its proximity to the center of greatest reported ground shaking ( Fig. 11 ; Montero and Alvarado, 1995) .
The damaging 1991 M w 7.7 Limón earthquake was centered on the North Panama Deformed Belt along Costa Rica's Caribbean coast (epicenter and focal mechanism in Fig. 1B ; Goes et al., 1993; Fan et al., 1993; Protti and Schwartz, 1994; Suárez et al., 1995) . This event triggered seismicity around a series of faults in the Cordillera de Talamanca, including the Tucurrique fault. Focal mechanisms (Table DR2 in supplementary fi le [see footnote 1]; Fig. 11 ) are derived from studies on local seismic networks conducted by various authors (Fan et al., 1993; Montero et al., 1993; Barquero and Rojas, 1994; Protti and Schwartz, 1994; Montero, 2003; Fernández, 2009 ). The results are consistent with dextral slip on north-to northwest-striking nodal planes. The 1993 Pejibaye earthquake sequence (black epicenters, Fig. 11 ) was clearly associated with rupture of the Tucurrique fault (Montero et al., 1993; Montero, 2003) . The main shock (M s 5.6) and principal aftershocks are consistent with dextral motion along northto northwest-trending nodal planes (Fig. 11) . Fan et al. (1993) suggested that the focal mechanism solutions of many aftershocks located northwest of the Limón rupture area are related to left-lateral strike-slip motion on northeasterly trending faults such as the Navarro. We suggest that the area west-northwest of the Limón main shock, which includes many northweststriking dextral faults (Atirro-Tucurrique, Tuis-Kabébeta, Pacuare, and Ayil faults), was reactivated after the 1991 Limón earthquake and may explain many of the focal mechanism solutions reported by Fan et al. (1993) (Fig. 11) . A similar case of triggering was reported recently by Bilek et al. (2009) . They modeled the Coulomb stress changes induced by the 1990 Mw 7.0 Cobano subduction earthquake south of the Nicoya Peninsula (epicenter and focal mechanism in Fig. 1B) . They showed that stress changes explain subsequent shallow seismicity along northwest dextral faults located 75 km inland. The geometry of the faults related to the subduction earthquake and the inland faults is very similar to the 1991 Limón earthquake and northwest dextral faults of our study.
Between 1982 and 2000, several earthquake swarms with diverse focal mechanisms (Fig.  11 ) occurred near Irazú volcano, without simultaneous volcanic activity (Güendel, 1985; Barquero and Alvarado, 1989; Barquero et al., 1995; Montero and Alvarado, 1995; Fernández et al., 1998) . Barquero et al. (1995) and Fernán-dez et al. (1998) obtained focal mechanisms for well-located earthquakes detected by temporary networks and the Red Sismológica Nacional (UCR-ICE). Focal mechanisms 11 and 12 are in good agreement with extension along the Irazú and the Ariete-Río Guácimo and Elia fault traces. Events 10 and 18 show oblique crustal thickening but with differing geometries. These events may refl ect restraining bends in strikeslip faults.
Seismic activity at the intermediate-magnitude level (5.0 < M < 6.5) has been especially high along the contractional relay of the Cordillera Volcánica Central. Five damaging earthquakes have occurred in the past 150 yr: 1888 (Fig. 2 (Fig. 2 , westernsouthwestern fl anks of Poás volcano) (Alvarado et al., 1988; Ambraseys and Adams, 2001; Montero et al., 2010) ; and the 2009 M w 6.1 Cinchona earthquake (Fig. 2 , northeastern slopes of Poás volcano), which likely represents dextral rupture of the northwest-striking Ángel fault (Montero et al., 2010) .
Mesoscale Fault Kinematics
Mesoscale faults provide another means by which to evaluate deformation along the AtirroRío Sucio fault system (e.g., Marshall et al., 2000) . Mesoscale faults are meter to decimeterscale faults observed in local outcrops such as road cuts, quarries, and building-site excavations. Kinematic data from populations of these minor structures can be analyzed to characterize the strain associated with nearby regional-scale faults (Marrett and Allmendinger, 1990; Allmendinger et al., 1994) .
Mesoscale fault populations were measured at three locations along the Atirro-Río Sucio fault system (FP 81, 82, and 83; Fig. 11 ; Table  DR3 in supplementary fi le [see footnote 1]) as part of a larger study that fi rst defi ned the Central Costa Rica Deformed Belt (Marshall, 2000; Marshall et al., 2000) . Here, we present fi eld observations, not included in prior publications, on site geology, fault orientations and abundance, and the relationship of mesoscale faults to nearby regional-scale Atirro-Río Sucio structures.
Fault population 81 (Fig. 11) consists of 18 mesoscale faults measured in a quarry (Tajo Oriente) along the narrow canyon of the Río Pejibaye, just north of the Tucurrique fault and Pejibaye pull-apart basin. Abundant minor faults and several larger structures cut Tertiary volcaniclastic sandstones of the Tuis Formation. Fault planes strike mostly northwest (310°-340°) and northeast (030°-075°) and are steeply dipping (>65°), with gently to moderately plunging (5°-40°) slickenlines (Marshall, 2000) . The best-fi t fault plane solution for this population is consistent with transpression along the Omega pressure ridge or with dextral slip on the northwest-striking northern branch of the Tucurrique fault .
Fault population 82 (Fig. 11) consists of 29 faults that were measured in the Tajo Esperanza quarry along the main trace of the Atirro fault, just southeast of its junction with the Irazú-Turrialba pull-apart basin. This quarry exposes abundant mesoscale faults within Tertiary volcaniclastic rocks of the Tuis Formation. The minor faults exhibit mostly northeast to east-northeast strikes (040°-080°), moderate to steep dips (35°-85°), and shallow to moderately plunging slickenlines (10°-60°), with sinistral slip indicators (Marshall, 2000) . In contrast, several major northwest-striking fault planes (335°-340°) have nearly vertical dips and subhorizontal dextral-slip lineations (Marshall, 2000) . These larger dextral-slip structures are parallel to the Atirro valley and the main trace of the Atirro fault. The best-fi t fault plane solution for fault population 82 is consistent with right-lateral motion on a northwest-striking and steeply dipping Atirro fault .
Fault population 83 (Fig. 11) consists of 12 mesoscale faults that were measured in the Tajo Las Quebradas quarry along the Kabébeta fault, northwest of the Atirro fault. These faults cut Tertiary volcaniclastic sediments of the Tuis Formation. Strikes are mostly northwest (325°-350°), with moderately to steeply dipping fault planes (60°-80°) exhibiting dextral-and reverse-slip components. The best-fi t fault plane solution (FP 83, Fig. 11 ) is consistent with dextral transpression along the northwest-striking Kabébeta fault zone .
DISCUSSION

Tectonic Evolution of the Atirro-Río Sucio Fault System
The Central Costa Rica Deformed Belt, including the Atirro-Río Sucio fault system, accommodates plate-boundary deformation in a structurally complex region where contraction in southeastern Costa Rica transitions into a region characterized by a simpler form of strain partitioning employing fewer faults to accommodate coastwise forearc sliver translation. Consequently, the Central Costa Rica Deformed Belt is characterized by a complicated mix of reverse, strike-slip, and normal faults that have interacted throughout the evolution of this system. The Atirro-Río Sucio fault system forms a prominent zone of dextral strike slip within the eastern part of the Central Costa Rica Deformed Belt. This fault network represents a fundamental structure linking a region of margin-perpendicular contraction to the southeast with a region of arc-parallel strain partitioning to the northwest. Next, we combine our observations with available geochronological data to constrain the evolution of the Atirro-Río Sucio fault system and place its development into the context of the tectonics of this part of the Middle America plate margin.
Faults of the Central Costa Rica Deformed Belt are recently active structures, as indicated by patterns of modern seismicity and offsets within dated late Quaternary geologic units (Marshall et al., , 2001 (Marshall et al., , 2003 . Across central Costa Rica, these faults cut a stratigraphic sequence of late Neogene through Holocene volcanic deposits, fl uvial sediments, and soils. Field mapping, isotopic dating ( 40 Ar/ 39 Ar), and stratigraphic correlation of this sequence (Marshall et al., 2003) reveal a history of progressive faulting and volcanic arc migration set in motion by shallow subduction of hotspot-thickened seafl oor at the Middle America Trench. Late Neogene to early Quaternary volcanism (5.5-1.1 Ma) was focused along the paleovolcanic Cordillera de Aguacate, south of the Valle Central (Fig. 1A) . Near the end of the Pliocene (3.0-2.0 Ma), slab shallowing initiated a northeastward migration of arc volcanism (Marshall et al., 2003) , resulting in growth of the modern Cordillera Volcánica Central (Fig. 1A) by the middle Pleistocene (0.8-0.3 Ma). Arc migration was accompanied by progressive faulting along the Central Costa Rica Deformed Belt Montero, 2001) , where older Neogene units show greater apparent offsets (kilometer-scale) than younger late Quaternary units (decimeter-to meter-scale) (Denyer et al., 2003) .
Geochronologic data coupled with the observations presented in this paper allow us to outline a viable history for the development of the fault system. While the geochronology of offset geologic units is well established for the western part of the Central Costa Rica Deformed Belt (Valle Central and Pacifi c coast), precise age constraints are lacking for the eastern region, including the Atirro-Río Sucio fault system. Within the Atirro-Río Sucio system, isotopic ages are limited to a few scattered 40 Ar/
39
Ar and radiocarbon dates on latest Pleistocene and Holocene units in the Irazú-Turrialba volcanic fi eld (e.g., Soto, 1988; Linkimer, 2003; Alvarado et al., 2004; Hidalgo et al., 2004; Pavanelli et al., 2004; Alvarado and Ganz, 2012 ) and the Pejibaye pull-apart basin (McDannell et al., 2008) . Despite the scarcity of well-constrained ages for Atirro-Río Sucio structures, the relative ages of some individual faults can be inferred from landform expression, crosscutting relationships, and the distribution of modern seismicity. While some Atirro-Río Sucio faults show clear evidence of recent slip (e.g., well-preserved scarps, offset stream channels, earthquakes), others exhibit indications of diminished activity (e.g., degraded scarps, offset by younger structures, lack of modern seismicity). Based on careful assessment of these features, we propose a three-stage model for the late Cenozoic evolution of the AtirroRío Sucio fault system (Fig. 12) initiated by collision of the Cocos Ridge with the Middle America Trench. The timing of this collision is controversial; published dates range from 1 to 8 Ma (Lonsdale and Klitgord, 1978; Gardner et al., 1987 Gardner et al., , 1992 Gräfe et al., 2002; Abratis and Wörner, 2001; MacMillan et al., 2004; Morell et al., 2012) . In the following tectonic model, we adopt <3 Ma for the timing of initial collision of the Cocos Ridge based on plate reconstructions and upper-plate deformation (MacMillan et al., 2004; Morell et al., 2012) .
Stage 1. When the Cocos Ridge arrived at the Middle America Trench <3 Ma (MacMillan et al., 2004; Morell et al., 2012) , the Aguacate arc was active, whereas the Talamanca arc was already inactive. The Candelaria fault (CAN, Fig. 12A, inset 1) was most likely the fi rst major structure that is preserved on land to begin accommodating northwestward sliver motion of the Central American forearc sliver in this region. Kinematic data indicate predominantly dextral slip on this major fault, which forms a prominent northwest-trending lineament near the Pacifi c coast (Montero et al., 1998; Marshall et al., 2000) . Collision of the Cocos Ridge eventually transferred subhorizontal stresses farther from the margin into the upper plate (Montero, 1994; Kolarsky et al., 1995) , resulting in the partitioning of plate-boundary strain across faults of the Central Costa Rica Deformed Belt . During this time, slip diminished along the forearc Candelaria fault, and a signifi cant fraction of marginparallel motion migrated inland to the nascent Atirro-Río Sucio system north of the active Aguacate arc and on the north slope of the inactive Talamanca arc (Fig. 12, inset 2) . The early Atirro-Río Sucio system most likely consisted of the Atirro-Oriente fault, which steps to the right with the northwestern Azul-Eastern Río Sucio faults. The Kabébeta fault began activity about this time.
Stage 2. During the late Pliocene to early Quaternary, the Aguacate volcanic arc became inactive, and the Atirro-Río Sucio fault system underwent a series of kinematic changes. Most signifi cantly, the Kabébeta fault propagated northwest with the Tuis fault, while continued dextral motion across the right step between the Atirro and Azul-Eastern Río Sucio faults opened the Irazú-Turrialba pull-apart basin. The Azul and Campano normal faults formed along the original boundaries of the pull-apart structure, and the new dip-slip Chiz fault developed off of its northwestern tip. Formation of the southwest-dipping Chiz fault created a half-graben opposite the Campano fault along the basin's southwestern margin. The Chiz fault displaced volcanic rocks with ages younger than 1.1 Ma that cover the Alto Florencia surface (Figs. 3A and 3C; Denyer and Alvarado, 2007) . The precise location of the basin's original northwestern margin and the orientation of other normal faults that might have been part of this graben system are speculative because much of system is likely buried beneath Irazú-Turrialba volcanoes. Also, at this time, down-to-the-east tilting of the Alto Florencia surface accumulated in response to normal throw on the Azul fault.
Stage 3. During the middle Pleistocene to Holocene, the Central Volcanic Cordillera, including Irazú and Turrialba volcanoes, formed at its present position. The Atirro-Río Sucio fault system and Irazú-Turrialba pull-apart basin continued to evolve with the northwestward propagation of several major dextral-slip structures along its margins and through its interior. Alluvial cover and degraded scarp morphologies suggest that the Campano and Chiz normal faults on the basin's western margin became inactive during this time. Dip slip on these structures was replaced by right-lateral motion along the new through-going Omega fault. This dextral-slip fault propagated northwestward from the tip of the Atirro fault, where a set of minor left-stepping bends formed the Rincón de la Esperanza and Mirador pressure ridges. The Omega fault (Fig. 3) was subsequently replaced by the modern Tucurrique fault, leading to signifi cant northwestward expansion of the AtirroTucurrique fault segment.
As slip migrated from the Omega fault (Fig. 3) to the Tucurrique fault, dextral motion through an abrupt right-stepping bend opened the Pejibaye pull-apart basin along the southern edge of the larger Irazú-Turrialba basin. Well-preserved fault scarps and offset late Pleistocene to Holocene stream terraces (31,000-4000 14 C yr B.P.) attest to continued growth of the Pejibaye pull-apart basin (McDannell et al., 2008) . Ongoing dextral slip along the entire Atirro-Tucurrique fault segment generates occasional seismicity and has strongly affected the modern landscape by disrupting drainage patterns, displacing landforms, and offsetting geologic units (Figs. 7 and 8 ). During this period, the northwest-striking Turrialba fault presumably accommodated right-lateral slip through the interior of the Irazú-Turrialba pull-apart basin. Like the Omega and Tucurrique faults, the Turrialba fault propagated northwestward from the tip of the Atirro fault. Slip accommodated on the Turrialba fault likely transferred beneath the volcanic massif and linked with the Blanquito fault (or another currently masked fault) on the opposite side. At this time, abandonment of the older segment of the original Azul-Río Sucio fault likely occurred, and the fault was subsequently buried by volcanic deposits. The northeast-striking sinistral-slip Navarro fault may have initiated activity at this time, although it is possible that this and other faults conjugate to the rightlateral faults did develop earlier. The existence of numerous outcrop-scale faults with similar geometries and kinematics to the Navarro fault Montero, 2001) suggests the importance of transpressional strain in the evolution of the fault system.
During the late Quaternary, the Irazú-Turrialba pull-apart basin also expanded northwestward with the development of new faults within the Irazú-Turrialba volcanic fi eld. Slip diminished on the Eastern Río Sucio fault and migrated to the new Central and Western Río Sucio faults. Volcanic activity also increased signifi cantly during this period with the formation of the Finca Liebres, Nubes, and Cabeza de Vaca volcanic depressions along the fl anks of Irazú. In the modern landscape, the Finca Liebres volcanic depression abruptly truncates the Eastern Río Sucio fault, indicating that the fault had become inactive prior to the formation of the collapse structure. Age constraints for this time period are provided by 150-250 ka debris avalanche deposits from the Cabeza de Vaca volcanic depression (Hidalgo et al., 2004) . During this period, a lateral graben formed along the summit of Turrialba volcano, bounded by the Ariete and Elia faults. The timing of graben formation is constrained by a late Pleistocene debris avalanche deposit (<500 ka) on the graben's northeast side, and by synthetic graben-parallel normal faults that cut Holocene pyroclastic deposits (<2000 yr B.P.) near the graben's southern edge (Soto, 1988) . Late volcanic activity within the Irazú-Turrialba massif formed the Coliblanco and Derrumbo volcanic depressions. Debris avalanches originating from these collapse structures are dated at 17,035 yr B.P. and 5930 yr B.P., respectively Pavanelli et al., 2004) . Collectively, the Quaternary age constraints for the faults within the volcanic edifi ce suggest that an active linkage to the faults of the Atirro-Río Sucio fault system is likely.
The Atirro-Río Sucio fault system at the northwestern corner of the Irazú-Turrialba pullapart structure is presently partitioning slip along two faults. On the northeast fl anks of the Irazú volcano, the Atirro-Turrialba-Blanquito faults connect with the eastern termination of the Guápiles fault (Fig. 2) . On the northwest fl ank of the Irazú volcano, the Atirro-Tucurrique-Río Sucio system links the central and western sections of the Guápiles fault with the San Miguel fault (Fig. 2) .
In essence, our model proposes that aseismic ridge-trench interaction starting ca. 2-3 Ma drove development of the Atirro-Río Sucio fault system and ultimately the Irazú-Turrialba pullapart basin. Shallow subduction of the Cocos Ridge caused uplift of the inactive Talamanca volcanic arc and drove tectonic sliver escape along dextral-slip faults located on the upper plate. The Atirro-Río Sucio fault is one of the major structures linking sliver motion to the Cocos Ridge collision zone. The Atirro fault zone created a releasing geometry with respect to the Azul-Río Sucio fault system and this contributed to localization of volcanism in the active Cordillera Volcánica Central.
Recent geodetic studies and mechanical modeling suggest active arc-parallel forearc sliver motion on the order of 8-11 mm/yr in Costa Rica (LaFemina et al., 2009; Feng et al., 2012) . At this point, we lack adequate geologic constraints on slip rates within the Atirro-Río Sucio system and thus are unable to make direct comparisons with these geodetic estimates. However, the strong geomorphic expression and frequent seismic activity of the Atirro-Río Sucio fault system suggest that these faults are capable of accommodating a signifi cant fraction of this motion. While the surface manifestations of the faults described here are convincing, tropical weathering and volcanic activity unfortunately render the fi eld evidence necessary to calculate slip rates less robust than that in more arid settings. Recently discovered volcanic ash units with entrained organic carbon (e.g., Fig. 8 ) provide targets for further work aimed at establishing Quaternary slip rates.
Regional Stresses and Kinematics of the Atirro-Río Sucio Fault System
The data presented in this paper demonstrate that active dextral slip is occurring along the northwest-trending Atirro-Río Sucio fault system of east-central Costa Rica. The Atirro-Río Sucio fault system spans the transitional zone between a northwest-slipping forearc sliver (e.g., Norabuena et al., 2004 ) and the Panama microplate, which partitions northeast-directed Cocos-Caribbean convergence (e.g., Marshall et al., 2000) . We propose here that the Atirro-Río Sucio fault system represents the southeastern termination of a regional, margin-parallel dextral fault system that accommodates lateral escape of the Central American forearc sliver (Montero, 1994; Lewis et al., 2008; LaFemina et al., 2009) .
The N40°-45° W trend of the Atirro-Tucurrique segment and its apparent termination in the Cordillera de Talamanca are consistent with the idea that the Atirro-Río Sucio fault system represents the root zone of a forearc sliver driven by Cocos Ridge collision. The AtirroTucurrique and the Kabébeta faults appear to terminate downslope of two knickpoints defi ned by Morell et al. (2012) in the Talamanca Cordillera. The knickpoints are part of a knick zone defi ned in the northeastern side of Talamanca Cordillera that may refl ect a migrating wave of transient incision generated during differential uplift of the Talamanca range that is no greater than ~2 km (Morell et al., 2012) . This uplift is associated with the Cocos Ridge collision since ca. 2-3 Ma. The termination of the Atirro-Río Sucio fault system may occur above the northwestern fl ank of the subducted Cocos Ridge. Because the axis of the Cocos Ridge is propagating to the northwest at a rate of ~22 mm/yr along the trench (see inset in Fig.  1B ; Sitchler et al., 2007) , the Cocos Ridge indenter may drive tectonic escape of the sliver and at the same time pass progressively beneath the upper-plate faults that accommodate escape and root at the indenter.
The Atirro-Río Sucio fault system forms part of the broader Central Costa Rica Deformed Belt, which accommodates shear across the Panama microplate in response to shallow subduction of the hotspot-thickened Cocos Ridge Montero, 2001) . Here, we suggest that margin-parallel dextral slip along the Atirro-Río Sucio fault system extends northwest of the Central Costa Rica Deformed Belt along a related system of faults in northern Costa Rica. The Atirro-Río Sucio fault system follows a northwest trend that continues through the San Miguel and Florencia-La Palmera thrust faults (Fig. 1) to the dextral-slip Chiripa-CoteArenal fault system in northern Costa Rica (Fig.  1) . We suggest that the east-west-trending San Miguel and Florencia-La Palmera thrust system constitutes a contractional relay connecting Atirro-Río Sucio faults with the north-to northwest-striking Chiripa-Cote-Arenal system. In this model, the northern Costa Rican forearc moves northwest, parallel to the margin (e.g., Norabuena et al., 2004) , and the Central Costa Rica Deformed Belt combines northwest dextral slip associated with forearc motion and northeast sinistral displacements related to northeast-directed motion of the Panama microplate relative to the adjacent Caribbean plate (e.g., Marshall et al., 2000) . The N10°-20° W trends of the faults in the Río Sucio segment are consistent with this interpretation.
The kinematic link between the Atirro-Río Sucio system and well-developed dextral slip on the El Salvador fault system (Corti et al., 2005) to the northwest remains an important question. Slip may be linked via multiple northeaststriking sinistral faults in Nicaragua (e.g., LaFemina et al., 2002) or by a through-going dextral fault as suggested by Ferrez (1992) .
CONCLUSIONS
The Atirro-Río Sucio fault system of eastcentral Costa Rica consists of a 150-km-long, northwest-trending zone of dextral strike-slip faults within the diffuse plate-boundary zone (Central Costa Rica Deformed Belt) among the Caribbean plate, the Panama microplate, and the Central American forearc sliver. Active dextral slip is indicated by meter-to kilometerscale displacements of river channels, terraces, scarps, and other landforms. Pressure ridges have formed within left-stepping restraining bends, and pull-apart basins have formed within right-stepping releasing bends. The Irazú-Turrialba pull-apart basin formed within a dilatational step between the Atirro and Río Sucio faults. The geomorphic expression of AtirroRío Sucio faults varies from sharp to degraded, and crosscutting relationships are complex, indicating a multistage history of fault zone development (Fig. 12) .
Historical seismicity along the Atirro-Río Sucio fault system includes frequent minor earthquake swarms and occasional intermediate-magnitude (M 5.0-6.5) dextral-slip events, including the damaging 2009 Cinchona earthquake (M w 6.1) on the Ángel fault near the populated Valle Central. The 1991 M w 7.7 Limón earthquake on the North Panama Deformed Belt triggered heightened seismicity along multiple faults of the Atirro-Río Sucio system, generating several moderate earthquakes, perhaps including the damaging 1993 Pejibaye earthquake (M s 5.6) on the Tucurrique fault. In the context of the geomorphic evidence outlined here, we suggest that most of the earthquake focal mechanisms refl ect dextral slip along northwest-striking nodal planes, parallel to major Atirro-Río Sucio faults. The kinematics of mesoscale fault populations along the Atirro-Río Sucio fault system agree with the geomorphic evidence and earthquake focal mechanisms. The best-fi t fault plane solutions for these populations are consistent with dextral motion along the mapped traces of these northwest-striking faults.
Finally, we propose that the Atirro-Río Sucio fault system forms the southeastern root of a regional network of northwest-trending dextral faults that accommodate the marginparallel displacement of the Central American forearc sliver. The apparent regional continuity between the Atirro-Río Sucio and the dextralslip Chiripa and Cote-Arenal faults in northwest Costa Rica supports this hypothesis. The Atirro-Río Sucio fault system originates within the Central Costa Rica Deformed Belt inboard of the collisional zone between the indenting Cocos Ridge and the contractional western Panama microplate. We suggest that this collision drives lateral escape of crustal fragments northwestward along an array of dextral Central Costa Rica Deformed Belt faults, including the major structures of the Atirro-Río Sucio system. This zone of arc-parallel extrusion represents the root of the Central American forearc sliver. Recent geodetic and mechanical modeling suggests contemporary trench-parallel sliver motion in Costa Rica of ~8-11 mm/yr toward the northwest, relative to the Caribbean plate (LaFemina et al., 2009; Feng et al., 2012) . While adequate slip rates across Atirro-Río Sucio faults are diffi cult to constrain in this tropical volcanic terrain, the sharp geomorphic expression and frequent seismic activity of these faults suggest that they are capable of accommodating a signifi cant fraction of this motion. We propose, therefore, that the AtirroRío Sucio fault system serves as a major sliverbounding fault that accommodates arc-parallel sliver escape due to compressional stresses associated with Cocos Ridge collision in southern Costa Rica (e.g., Montero, 1994; Kolarsky et al., 1995; Marshall et al., 2000; Lewis et al., 2008; LaFemina et al., 2009) . Because the plate convergence vector is strongly trench-normal here (LaFemina et al., 2009) , lateral crustal escape in this region suggests that formation and displacement of forearc slivers may, in some instances, be driven by mechanisms other than strain partitioning due to oblique convergence (e.g., Fitch, 1972; Beck, 1983) . College of Natural Sciences and Mathematics. We thank P. Mann, P. Denyer, P. LaFemina, J. Fletcher, Associate Editor E. Kirby, and anonymous reviewers for helpful discussions and reviews of this manuscript.
